We investigate the switching bistability based on the interaction between dynamic flow and director rotation in twisted nematic liquid crystal cells. Numerical calculation shows that there exists a general type of bistable twisted director configurations. Two specific cases are verified experimentally.
INTRODUCTION Twisted nematic (TN) and super-twisted nematic (STN) liquid crystal displays (LCD) are used widely in many information display systems. Recently, a bistable TN (BTN) LCD has been demonstrated 1,2•
This BTN is based on a gross mismatch of the natural twist of the liquid crystal director and the rubbing boundary conditions of the two LC cell surfaces. If the LC cell alignment favors a -twist, then for some value of natural helical pitch P, the LC cell can exist either in the -twist state or the (4 + 2ir)-twist state. Roughly speaking, in the absence of pretilt of the director, the natural twist of the LC cell should be about 4 + ir in order for bistability to occur. Hence the d/P ratio, where d is the LC cell thickness, should be about 0.5 + /2ir.
While practical displays have been made using this principle, the switching behavior of such BTN is not well-known. It is evidently related to the hydrodynamics of the twisted nematic liquid crystal cell (TNLCC). There are two parts in the hydrodynamics of TNLCC: dynamic flow and director rotation.
The interaction between dynamic flow and director rotation was shown to be responsible in a theoretical explanation of the "bounce" phenomenon observed in the light transmission of TNLCC More generally, a comparison between the results obtained by including and neglecting the fluid motion showed that under certain circumstances, dynamic flow can play a critical role in governing director rotation.
The purpose of this paper is to investigate the switching bistability th3t can originate from the flow effect on director rotation in TNLCC. We first give an outline of the physical mechanism underlying the 22 SPIE Vol. 3143 . 0277-786X/97/$1O.OO seemingly "abnormal" behavior of director motion. Our understanding of the mechanism is then used as a guide to seek the switching bistability that can be realized in properly prepared TNLCC's. Several bistable configurations were proposed and verified through the numerical solution of the Ericksen-Leslie equations.
The bistable configurations consists of two twist states of twist angles 4 and 4 + 2ir, respectively, with c1
specified by the relative arrangement of the two substrates with homogeneous alignment conditions.
For a given configuration of n (sin 9 cos q5, sin 9 sin q5, cos 0) , the twist angle is defined as f i94(z)dz, with the z axis being the substrate normal. We find that the switching bistability can be realized for -ir/2 cJ < 0 in cells with surface alignment pretilt angle '' 1O measured from the substrate. In our calculations, we vary the d/P ratio in order to obtain bistability of the final state at the -or the The following dynamical symmetries were found numerically and proved to be rigorous analytically. With the directors at the lower and upper substrates denoted by n'-' and nU, jf rtU, r1L n = , then the time-varying directors and velocities obey the relations
together with
provided the initial state has such symmetries. In this paper, the = -ir/2 case corresponds to n //2, n n > 0, and the 4 = 0 case corresponds to n , n' ' 0, n' > 0.
The physical picture of switching dynamics may be described as follows. When a strong electric potential is applied across the cell, the field-induced correlation length can be much smaller than the cell thickness. As a consequence, the directors near the substrates can exhibit large elastic distortions, leaving the directors throughout the central part of the cell (nearly) uniformly vertical. When the large voltage is switched off, the large local elastic distortion energy density near the substrates, and consequently the large molecular field h, can give rise to fast rotation of the directors. The near-substrate rotation of the directors would inevitably induce a flow velocity field due to the coupling between n and v through viscous interaction. In the law of friction, the forces are proportional to the fluxes, one of which is just the conventional 82v3 + 03v2 term and the other one is the torque N = ñ -w x n with w = V x v/2.
The latter determines the rotational field w near the substrates. In all the cases we have studied, it is found that the near-substrate ñ always induces a local w x n in the same direction, which means w is parallel to n x ñ. The knowledge of the near-substrate w = (-03v2, 03v1, 0), plus the boundary conditions and the dynamical symmetry relations, are sufficient to qualitatively determine the whole velocity field in the cell. The spatial variation of the velocity field near the midplane is therefore completely determined.
As the directors throughout the central part of the cell are nearly homogeneous and hence the elastic distortion molecular field is weak, their motion is dominated by the gradient of the flow field. From angular momentum conservation, the initial flow at the midplane has to be opposite to those near the substrates. This is the origin of the so-called "backflow" phenomenon. case. We focus on the case of small pretilt angle, i.e., n = n = sin with '/ '' 1O, which is typical for rubbed polyimide-coated substrates. We numerically find that if d/P 0.4, there exists a switching bistability which may be explained from the mechanism of backfiow. The two twist states involved in the switching bistability are the -ir/2-and the 3ir/2-twist states. The -ir/2-twist state can be switched to the 3ir/2-twist state by applying the driving waveform VA(t) , and the reverse switching process can be realized by applying the driving waveform VB(t) . Both VA(t) and VB(t) first jump from zero to a holding voltage VH that is higher than a threshold value and lasts a certain duration. VH is switched off suddenly in VA(t), but gradually in VB(t). VA(t) and VB(t) are schematicly illustrated in Fig. 1 . 
APPENDIX
Here we give the various material and optical constants used in the present computation. The pretilt angle of substrate alignment is 8°. For the elastic constants K1, K2, K3, and the viscosity coeffIcients a , (i = 1 , . . . , 6) , the respective ratios used in the numerical calculation are listed in Table 1 . Since very few measured viscosity coefficients are available, here the ratios of viscosity coefficients are taken from
Ref. [4] , suitable for MBBA. The ratios of elastic constants for the specific samples in experiments are not available either. Here K2/K1 and K3/1t1 are taken from the respective ratios for MLC-5800-000. These dimensionless material constants, together with the ratio dIP, determine the solution behavior of Eqs.
(1) and (2) . Various optical parameters in the experiments are directly used in the calculation of light transmission. They are listed in Table 2 for the 4 = -ir/2 and I = 0 cases. The numerical solutions of Eqs. (1) and (2) The time unit is given by r = d2o4/K1. Comparing the time-varying light transmittance calculated from the numerical solution with the measured electro-optical response yields o4/K1 = 1.56 x lO6cm2sec for MLC-6218 and a4/K1 = 2.30 x lO6cm2sec for MLC-7500-000. 
